In this paper, we propose a novel query formalism for literature search, which is based on description logics and variable-strength conditional preferences. Query languages of current search engines are very restricted in their expressive power. There are scientific search engines on the web, however, that have valuable metadata about research publications, authors, organisations, and scientific events. We show that description logics with conditional preferences allow for a more powerful query language, which can exploit the available metadata more effectively than the current approaches do. In particular, our approach allows for expressing nearly all important information search strategies proposed by Bates. We also describe a dialogue-oriented interface to the new query formalism and discuss possible extensions.
Introduction
A very important and time-consuming task of researchers is finding publications. A lot of advancements in search engines, the increasing willingness of researchers to publish their results on the web (Stempfhuber, 2004) , as well as their willingness to share bibliographic references have already ameliorated the access to scientific publications. On the other hand, the "tremendous increase in the quantity and diversity of easily available research publications has exacerbated the problems of information overload for researchers attempting to keep abreast of new relevant research, especially in rapidly advancing fields." (Bollacker et al., 2000) There exist a lot of possibilities to find relevant research publications over the internet. For example, there are portals for research publications, portals for ejournals, special purpose search engines for researchers (e.g., CiteSeer and Google Scholar), specialised databases (e.g., dissertation databases for certain research domains), publication databases of institutions, and bibliographic online catalogues.
There exists a lot of knowledge that is valuable for scientific search processes. For example: Who are the relevant researchers in a certain research area? What concepts characterise the research area? Which journals and conferences publish research results that are important for the research area? Which organisations have a relevant focus on the research area? Which projects are concerned with the research area? What is the reputation of a publication source (journal or conference) in the research area? Although this information is not explicitly stored in the databases of search engines, there are some search engines that have at least some metadata information that could be used to find answers that are close to answers that one is looking for when asking the above questions.
To date, search engines used to find scientific information are mainly providing links to resources along with some metadata as search results. Why should a search engine not also provide lists of authors, keywords, journals, and conferences as search results along with links to author homepages, domain-specific ontologies, journal sites, and conference sites, respectively? A researcher might look for co-authors to a given list of authors. The researcher might look for interesting journals or conferences to publish her research results. The researcher should have the possibility to formulate which kind of search result she is looking for. In case she did not specify the type of search result, the search result could be clustered by resource types. A researcher having some information need is not only thinking in keywords, but also in networks of authors, networks of publications, and in terms of research fields.
In recent years, a lot of very innovative systems have emerged that are especially suitable for the search of scientific literature. Most of these systems have valuable metadata that could be further exploited by using new search query paradigms. For example, the Computer Science Bibliography DBLP, BibSonomy, and CiteULike are web-based systems that contain a lot of valuable metadata about research publications. The data for DBLP is manually entered by a group of scientists and students. The data mainly stems from tables of contents of conference proceedings and scientific journals in the computer science domain (Petricek et al., 2005) . BibSonomy and CiteULike are social resource sharing systems (Jäschke et al., 2007) . "The assignment of tags to resources by users is organised in a lightweight knowledge representation, called folksonomy" (Hotho et al., 2006b ). Both systems offer possibilities to easily store metadata of research publications, to share the metadata in a cooperative manner, and to describe the publications with tags that are created by the end users. CiteULike is a web-based service, which helps scientists to organise research publications for personal and cooperative use. Metadata of publications (which are found via ACM Portal, Amazon, CiteSeer, IEEE, ScienceDirect, Wiley InterScience, and many other valuable sources) can directly be imported via the bookmark functionality of the web browser. The access to bibliographic references in CiteULike is mainly navigation-oriented (over tags and journal titles). BibSonomy has an import functionality to upload metadata in formats like BibTeX (Hotho et al., 2006a) . To find bibliographic references, one can use a navigation-oriented way like in CiteULike or use the query-based search functionality. For the ranking of search results, BibSonomy uses an adaptation of the PageRank algorithm of Brin and Page (1998) that is suitable for folksonomies (Hotho et al., 2006c) . This paper proposes a new search query paradigm for literature search that is based on a very simple ontology. The underlying ontology has three main characteristics. First, the ontology is suitable for the exploitation of well-known literature search strategies. Second, the ontology is very simple and therefore needs no extra training for end users to work with it. Third, the ontology relies only on metadata that is usually provided by typical bibliographic metadata systems (e.g., DBLP, BibSonomy, and CiteULike) and special search engines focused on scientific publications (e.g., CiteSeer and Google Scholar).
The different target audiences of the paper can be summarised as follows. The paper is of interest to researchers as information seekers, because it shows that the use of special search strategies can help them to be more effective and efficient when performing the task of literature search. Furthermore, the approach presented here shows that it is possible to offer user-interfaces for the formulation of search queries that allow them to explicitly formulate their information need exploiting well-known search strategies for literature search. The paper is of interest to providers of bibliographic metadata systems and of special search engines focused on scientific publications, because it demonstrates how a new search query paradigm can be implemented that explicitly allows exploiting search strategies for the formulation of search queries and has a greater expressive power than conventional search query approaches. Therefore, the approach presented here can further enhance the attractiveness of their systems. To the description logics community, the paper demonstrates that some of their ideas can be incorporated into any search engine based on some valuable metadata, enhancing significantly the search query possibilities.
The rest of this paper is organised as follows. In Section 2, we have a closer look at the popular scientific search engines Google Scholar and CiteSeer, as well as at the general purpose search engine Google, from the perspective of the important task of literature search. We illustrate the possibilities of these search engines concerning scientific publication searches. We then argue that the query languages of such search engines should offer more possibilities for the formulation of search queries. Section 3 recalls the basics of the expressive description logic SHOIN (D) (Horrocks and Patel-Schneider, 2003 ) (standing behind the standard web ontology language OWL DL (W3C, 2004) ). In Section 4, we then propose conditional preference bases, which are based on variable-strength conditional preferences (Lukasiewicz and Schellhase, 2006b,c, 2007) , as a new query formalism for literature search. This query formalism can exploit the available metadata more effectively than the current approaches do. In Section 5, we give some sample queries to show that with a powerful query language that is based on the formalism of this paper, one can express very precise information needs of researchers. In particular, we show that our approach allows for expressing nearly all important information search strategies proposed by Bates (1989) . Sections 6 and 7 describe a natural dialogue-oriented interface to the new query formalism and possible extensions, respectively. In Section 8, we summarise the main results of this paper and give an outlook on future research.
Literature search
In this section, we briefly describe the state of the art of search-strategy-based literature search using existing search engines.
A very powerful instrument for search engines are citation indexes, which can be very well exploited for search processes. Garfield (1979) examined the possibilities and advantages of citation indexes. There are a lot of advantages of citation indexes compared to traditional subject indexes. The quality of references tends to be higher than the quality of title words and keywords. The reasons for this are
• "the standards of good science exposition"
• "the practice of viewing a good bibliography as a sign of scholarship".
Using citation indexes enhances the search productivity (finding the largest possible number of relevant publications) and the search efficiency (minimising the number of irrelevant publications). Citations are semantically more stable than keywords. There are some reasons for this. First, word usage varies from person to person. Second, languages are dynamic, i.e., "new terms are introduced, old ones disappear, and new meanings are attached to old words". Citation indexes can be used in many ways, e.g., for finding relevant publications through backward and forward navigation, for finding out the importance of publications, and for identifying research trends (Ding et al., 1999) . CiteSeer and Google Scholar have recognised the work of Garfield and are using the valuable information of citations. In Google, for example, the ranking algorithm PageRank is based on the linking of web resources (Brin and Page, 1998) . CiteSeer automatically detects scientific publications on the web and extracts the necessary metadata (citations, citation context, title, etc.), builds the citation index, and performs the full-text indexing (Lawrence et al., 1999) . For the ranking of query results, CiteSeer has adopted the ranking algorithm of Google. The CiteSeer database is queried by simple keyword search and returns a list of indexed publications (Giles et al., 1998) . For each publication, CiteSeer offers a query-sensitive summary, containing the citation context of the publication, links to similar documents, and links to author homepages (Lawrence et al., 1999) . The user follows citations by browsing the links. For each query result, there are a lot of pieces of information and links that can be used to browse the database. In Google Scholar, one also uses keyword searches, which can be restricted, e.g., to authors or titles. The search result contains a list of publications that match the query. For each publication, there is a link "cited by" that leads to a list of publications citing the discovered publication.
There are a lot of good search strategies that a researcher can use for the task of finding relevant scientific publications. Bates (1989) has identified the following six important information search strategies:
• Footnote chasing. Following up footnotes (i.e., references) found in publications. This can be done in successive leaps.
• Citation searching. Looking for publications that cite certain publications.
• Journal run. Identification of a central journal in a research area and then looking up publications in relevant volumes.
• Area scanning. Browsing resources that are physically colocated with resources that are regarded as relevant. A good example is a bookshelf in a library. In a digital library, one could exploit the classification of resources.
• Subject searches. The usage of subject descriptors such as keywords to find relevant publications.
• Author searching. To find other publications of an author, which may have a similar topic as a known publication. To use all the search strategies footnote chasing, citation searching, journal run, subject searches, and author searching, one has to use all the above search engines, and there is no way to exploit the search strategies by the formulation of the search queries. What is also not supported by the above search engines is the possibility to exploit relationships like citations or co-authorship by the formulation of queries. To date, search query languages of most web search engines have little expressive power for formulating semantic queries, cannot be used to explicitly influence the ranking of query results, have no possibilities to formulate ones own quality measures for the query results, have no possibilities to restrict the query results to certain result types (e.g., authors, journals, conferences, keywords, publications), and have no possibilities to influence the clustering of query results. Of course, even most scientists normally do not want to learn a complex query language. Therefore, one has to think about good query assistants that help formulating sophisticated queries. Nonetheless, when the benefit of more powerful queries becomes clear, we are convinced that researchers will use such query languages instead of query assistants.
Description logics
The query language for literature search that we propose in the present paper is based on the expressive description logic SHOIN (D), which stands behind the web ontology language OWL DL (which is a standard web ontology language for the Semantic Web); see especially (Horrocks and Patel-Schneider, 2003; W3C, 2004) We use (resp., ⊥) to abbreviate φ ¬φ (resp., φ ¬φ), and eliminate parentheses as usual.
A (description logic) axiom has one of the following forms:
• φ ψ (called concept inclusion axiom), where φ and ψ are concepts
, where φ is a concept and a ∈ I
• R(a, b) (resp., U (a, v)) (called role membership axiom), where R ∈ R A (resp., U ∈ R D ) and a, b ∈ I (resp., a ∈ I and v is a data value)
• a = b (resp., a = b) (equality (resp., inequality) axiom), where a, b ∈ I.
A (description logic) knowledge base T is a finite set of axioms. For decidability, number restrictions in T are restricted to simple abstract roles (see (Horrocks et al., 1999) for details). The following example illustrates knowledge bases. ∃Author.
Furthermore, the concept Publication has the attributes (which are functional abstract or datatype roles) organisation, year, title, publishedat, and type. Attributes are also defined by concept inclusion axioms in T . For example, the following one in T encodes that the role year is an attribute of Publication:
Finally, we assume the unary functions in_title and in_text on strings, where in_title(X) computes all publications with a title containing the string X, while in_text(X) computes all publications with a full text containing the string X. Note that, additionally, we may also assume a unary function uri, where uri(X) computes the unique publication that has X as uniform resource identifier (URI). Examples of such URIs may be the http addresses of publications in CiteSeer or the digital object identifiers (DOIs) of journal and conference papers.
Semantics
and a mapping · I that assigns to each atomic concept φ ∈ A a subset of ∆ I , to each individual o ∈ I an element of ∆ I , to each abstract role R ∈ R A a subset of ∆ I × ∆ I , and to each datatype
We extend the mapping · I to all concepts and roles as usual (where #S denotes the cardinality of a set S):
The satisfaction of a description logic axiom F in
, denoted I |= F , is defined as follows:
The interpretation I satisfies the axiom F , or I is a model of F , iff I |= F . The interpretation I satisfies a knowledge base T , or I is a model of T , denoted I |= T , iff I |= F for all F ∈ T . We say that T is satisfiable (resp., unsatisfiable) iff T has a (resp., no) model. An axiom F is a logical consequence of T , denoted T |= F , iff every model of T satisfies F . The following example illustrates the notion of logical consequence and the use of description logic concepts as queries in literature search.
Example 3.2 (Literature Search cont'd):
Consider again the description logic knowledge base T of Example 3.1.
Observe that description logic concepts can be nicely used to express queries in literature search. For example, suppose that we are looking for publications that have "Ian Horrocks" as an author. That is, we are looking for all publications p such that the concept membership axiom A(p) logically follows from T , where A is defined as ∃Author.{"Ian Horrocks"}.
Hence, the above information need can be expressed by the concept expression A in the role of a query (see Figure 1 ). The publications 6 and 8 both have two authors.
The others have just one author. One of the authors of publication 6 is "Ian Horrocks". For the publications 2 and 3, "Ian Horrocks" is the only author. Thus, the result set of the query are the publications 2, 3, and 6. Suppose next that we are looking for publications citing publications of "Ian Horrocks". This can be expressed as follows (see Figure 2) :
Here, the publications 1, 2, and 4 cite publications of "Ian Horrocks". The citation of publication 3 is a self-citation. The other publications do not cite publications of "Ian Horrocks", and hence do not belong to the result set of the query. 
Conditional preferences
Another important ingredient of our query formalism for literature search are (variable-strength) conditional preferences (Lukasiewicz and Schellhase, 2006b , which additionally allow for a user-defined ranking on publications. In this section, we first define the syntax of conditional preferences, which are intuitively statements of the form "generally, if φ holds, then α is preferred over ¬α with strength s". We then define the semantics of such statements in terms of object rankings, taking inspiration from default reasoning from conditional knowledge bases with variable-strength defaults in System Z + (Goldszmidt and Pearl, 1996) , and we introduce the notion of consistency for conditional preference bases.
Syntax
We assume a finite set of classification concepts C such that ∈ C (which are the relevant description logic concepts for defining preference relationships). A conditional preference is an expression of the form (α|φ) [s] , where α and φ are concepts from C (called its head and its body, respectively), and s is an integer from {1, . . . , 100} (called its strength). Informally, (α|φ) [s] expresses that
• generally, among the objects satisfying φ, the ones satisfying α are preferred over those satisfying ¬α,
• this preference relationship holds with strength s.
We often write (α)[s] to abbreviate (α| ) [s] . A conditional preference base is a triple PB = (T, A, P ), where T is a knowledge base in SHOIN (D), A is a finite set of concepts from C, and P is a finite set of conditional preferences. Informally, T contains terminological knowledge, and A contains assertional knowledge about an individual o (that is, A actually represents the set of all α(o) such that α ∈ A), while P contains conditional preferences about the individual o (that is, P actually represents the set of all
Observe also that the statements in T and A are strict (that is, they must always hold), while the ones in P are defeasible (that is, they may have exceptions and thus do not always hold), since P may not always be satisfiable as a whole. Intuitively, a conditional preference base PB = (T, A, P ) consists of a description logic knowledge base T and a search query Q to T expressed through A ∪ P . This intuition is illustrated by the following example.
Example 4.1 (Literature Search cont'd):
Consider again the knowledge base T given in Example 3.1. Consider the following query Q (which supports the search strategy subject searches): We are looking for papers with the word "matching" in the title. In case of a conference paper, we prefer papers of international conferences to papers of national conferences. This query Q to T is expressed by the conditional preference base PB = (T, A, P ), where: A = {Publication, in_title("matching")} and
Query Q contains two conditional preferences (of strengths 70 and 80, respectively, directly specified by the user). Intuitively, an object that fulfills query Q has to be a publication with the word "matching" in the title, and it should possibly satisfy the two conditional preferences. Publications that satisfy the conditional preferences have a lower rank than publications that falsify them. Query Q therefore divides the publications in the query result into three groups as follows: first, international conference publications (lowest rank), second, national conference publications (second lowest rank), and, third, nonconference publications (highest rank).
In the sequel, we also write A ∪ P from PB = (T, A, P ) as the conjunction of all its elements. For example, the above A ∪ P for the query Q is written as the following conjunction:
Semantics
We now define some basic semantic concepts, including objects (which are subsets of C) and object rankings (which are certain functions that map every object to a rank from {0, 1, . . . } ∪ {∞}), and we then associate with every conditional preference base a set of admissible object rankings as a formal semantics. Formally, an object o is a set of concepts from
where i is a new individual. Informally, every object o represents a possible individual i that is fully specified on C in the sense that o belongs (resp., does not belong) to every concept φ ∈ o (resp., φ ∈ C\o). Note that o represents only a possible individual i, that is, i does not have to be a concrete individual in a given description logic knowledge base. We denote by O C the set of all objects relative to C. An object o satisfies a description logic knowledge base
A concept φ ∈ C is satisfiable iff there exists an object o ∈ O C that satisfies φ. The satisfaction of concepts by objects and the satisfiability of concepts are naturally extended to Boolean combinations of concepts from C.
A set of conditional preferences P tolerates a conditional preference p under a description logic knowledge base T and a set of classification concepts A ⊆ C iff there exists an object o that satisfies T ∪ A ∪ P (that is, the object o satisfies T , A, and P ) and verifies p. We say P is under T and A in conflict with p iff P does not tolerate p under T and A.
An object ranking κ is a mapping κ :
It is extended to all Boolean combinations φ of concepts from C as follows. If φ is satisfiable, then
We say that κ is admissible with a knowledge base T (resp., a set of concepts A) iff κ(o) = ∞ for all o ∈ O C such that o |= T (resp., o |= A). We say κ is admissible with a conditional preference (α|φ)[s] iff either κ(φ) = ∞ or κ(φ α) + s < κ(φ ¬α). We say κ is admissible with PB = (T, A, P ) iff κ is admissible with T , A, and all p ∈ P .
Consistency
We next define the notion of consistency for conditional preference bases, which is inspired by the notion of ε-consistency in default reasoning from conditional knowledge bases (Adams, 1975; Goldszmidt and Pearl, 1991) .
A conditional preference base P B is consistent (resp., inconsistent) iff an (resp., no) object ranking κ exists that is admissible with PB . Observe that PB = (T, A, P ) with P = ∅ is consistent iff T ∪ {α(i) | α ∈ A} is satisfiable. We now summarise some results that carry over from conditional knowledge bases.
The following result shows that the existence of an object ranking that is admissible with a conditional preference base PB = (T, A, P ), where P = ∅, is equivalent to the existence of a preference ranking on P that is admissible with PB . Here, a preference ranking σ on a set of conditional preferences P maps each p ∈ P to an integer. We say that a preference ranking σ on P is admissible with PB = (T, A, P ) iff every P ⊆ P that is under T and A in conflict with some p ∈ P contains some p such that σ(p ) < σ(p).
Theorem 4.2:
A conditional preference base PB = (T, A, P ), where P = ∅, is consistent iff there exists a preference ranking σ on P that is admissible with PB.
The next result shows that the consistency of PB is equivalent to the existence of an ordered partition of P with certain properties, which we call the z-partition of PB . In Lukasiewicz and Schellhase (2006b, 2007) , we give an algorithm for checking the consistency of a conditional preference base, which is based on this characterisation.
Theorem 4.3:
A conditional preference base P B = (T, A, P ), where P = ∅, is consistent iff an ordered partition (P 0 , . . . , P k ) of P exists such that every
Example 4.4 (Literature Search cont'd):
The conditional preference base P B = (T, A, P ) given in Example 4.1 is consistent; its z-partition is given by (P ).
Ranking objects
We now define the object rankings κ sum and κ lex , which reflect the conditional preferences of a consistent conditional preference base P B = (T, A, P ). We first rewrite P from a set of defeasible statements to a set of strict statements P by adding exceptions to the bodies of conditional preferences.
A conditional preference base P B = (T, A, P ) is flat iff its z-partition is given by (P ) and thus consists only of one component. Given a conditional preference base P B = (T, A, P ), a non-defeasible equivalent P B = (T, A, P ) to P B satisfies the properties that
• P B is flat
• P B | ∼ p (Lukasiewicz and Schellhase, 2006b, 2007) for all p ∈ P
where ψ p is a conjunction of negated bodies in P .
In (Lukasiewicz and Schellhase, 2006b, 2007) , we give an algorithm that transforms a consistent conditional preference base PB into a non-defeasible equivalent.
Example 4.5 (Literature Search cont'd):
The conditional preference base P B = (T, A, P ) given in Example 4.1 is flat.
We are now ready to define the object rankings κ sum and κ lex . Informally, κ sum associates with every object (as a penalty) the sum of the strengths of all conditional preferences in P that are falsified by o. Roughly, objects with smaller values under κ sum are those that satisfy more conditional preferences with larger strengths. Formally, κ sum is defined as follows for all objects o ∈ O C :
The object ranking κ lex , in contrast, is based on a lexicographic order. Roughly, objects with smaller values under κ lex are those that satisfy more conditional preferences with larger strengths, where satisfying one conditional preference of strength s is strictly preferred to satisfying any set of conditional preferences of strength at most s − 1. Formally, κ lex is defined as follows for all o ∈ O C (where n j , 1 j 100, is the number of all p ∈ P of strength j):
Note that the rankings κ sum and κ lex are defined on the set of all objects o in O C . Each such o may represent 0, or 1, or more concrete individuals in the description logic knowledge base T , which are all assigned the same rank under κ sum resp. κ lex .
Example 4.6 (Literature Search cont'd):
The two object rankings κ sum and κ lex for the conditional preference base P B = (T, A, P ) given in Example 4.1 are shown in Table 1 . 
(o).
Observe that the rank of partially specified objects is based on an open-world assumption. That is, if we do not know whether an object o belongs or does not belong to a classification concept ψ ∈ C, then we do not assume by default that the object o does not belong to ψ. Finally, the (credulous) distance between two partially specified objects φ and φ is defined as
Computational complexity
In Lukasiewicz and Schellhase (2006b, 2007) , we present algorithms for computing the rankings κ sum and κ lex for a given conditional preference base PB = (T, A, P ) and a given set of objects O ⊆ O C . If
• PB is consistent and flat
• the objects in O already satisfy T (which is always the case when we have to rank some concrete objects in a satisfiable description logic knowledge base),
then these algorithms run in time O(|O| · |C| · (|A| + |P |)),
where |S| denotes the cardinality of S. This implies the important result that computing the rankings κ sum and κ lex can both be done in time O(|O|) (that is, in linear time in the number of objects in O) in the data complexity (where |C|, |A|, and |P | are bounded by a constant).
Note that deciding the consistency and computing a non-defeasible equivalent for a conditional preference base is in general intractable. However, this is actually only a preprocessing step, which is not carried out on a large set of objects, and there are also tractable special cases for more restricted underlying description logics (Lukasiewicz and Schellhase, 2006b, 2007) .
DL-and preference-based queries
In this section, we give several examples of descriptionlogic-based queries with conditional preferences for finding relevant publications, which are explicitly using five search strategies of Bates. They illustrate how conditional preferences bases can be used to express sophisticated search queries and to avoid the deficiencies mentioned in Section 2. The presented examples also show the expressive power of the formalism proposed in this paper. We assume that the standard semantics of a conditional preference base is given by its object ranking κ sum .
Footnote chasing
In most cases, a scientific publication can be uniquely identified by its title and the name of one of its authors (or by its URI, if the publication has one). Usually, the first name and the surname of an author should be distinguished, because otherwise it is difficult for a search engine to uniquely identify a person. Nonetheless, in this paper, for reasons of simplicity, we do not explictly markup the first name and the surname of an author. Note that, additionally, one may assume that names are incomplete, by using techniques for reference reconciliation, which e.g., help to identify "Ian Horrocks" and "I Horrocks" as referring to the same person; see e.g., Dong et al. (2005) . The following search queries illustrate how we can use a set of publications to find publications that are citing the publications of the starting set. The search queries demonstrate how effectively the search strategy footnote chasing can be used by precise queries. The possibilities of formulating such queries go far beyond the possibilities that offer, e.g., systems like CiteSeer or the ACM Portal.
A highly relevant publication can be a very good starting point for the identification of further highly relevant publications. The simplest means in this case is the use of the strategy footnote chasing. We are looking for publications that are cited by "Weaving the Web" of "Tim Berners-Lee". This can be expressed as follows:
The inner expression of query 3 is the intersection between publications with the title "Weaving the Web" and publications of "Tim Berners-Lee". The result of the inner expression is the publication P of "Tim Berners-Lee" with the title "Weaving the Web". The expression ∃Cite − .(P) refers to all publications that are cited by P.
Next, suppose that we are looking for journal publications that were cited in publications of "Ian Horrocks". This query has two assumptions. First, "Ian Horrocks" is a well-known researcher in the field of the Semantic Web. Therefore, it is likely that publications that were cited by him are concerned about Semantic Web topics. Second, journal publications in general are of higher quality than non-journal publications.
JournalPublication ∃Cite − .∃Author.{"Ian Horrocks"} .
Here, the expression ∃Author.{"Ian Horrocks"} refers to publications of "Ian Horrocks". The outer expression ∃Cite − .() refers to publications that are cited in publications of "Ian Horrocks". The result set of query 4 is illustrated by Figure 3 . 
Citation searching
We now show how publications can be found that are citing sets of known publications. This results in newer publications that probably address similar research issues. Using citation chains, older publications can lead to a lot of recently published papers.
We are looking for publications that are citing publications that cited the paper "Weaving the Web" of "Tim Berners-Lee" and that were published after 2001. The goal of the query is to find recent publications that are likely to address similar issues as the paper of "Tim Berners-Lee". The citation chain has two main effects. First, it is likely to produce a greater result set. Second, we should get a lot of recent publications, even in the case that the citation rate for the paper declines and the citing papers are cited instead of the original paper. The information need can be expressed as follows: The inner expression of query 5 is identical to query 3 and refers to the publication "Weaving the Web" of "Tim Berners-Lee", denoted P. The expression ∃Cite(P) refers to the set of publications that cite the publication P, denoted M. The expression ∃Cite(M) refers to the set of publications that cite publications of M. The expression Figure 4 illustrates the result set of query 5.
Next, we are looking for publications that cite publications of the International World Wide Web Conference of the year 2003. Maybe a researcher was at this conference and she now recalls that at this conference there were a lot of interesting topics. The researcher now is curious which of the conference papers were cited and how the topics of the conference evolved over time. The above stated information need can be expressed as follows: The expression ConferencePublication refers to conference publications. The expression publishedat("International WWW Conference") refers to publications that were published at one of the International WWW Conferences, and = 2003 (year) refers to publications that were published in the year 2003.
Journal run
We next show how the search strategy journal run (conference run) can be supported by description-logicbased queries.
We are looking for journals that were cited by "Ian Horrocks". With this query, we intend to identify journals that are possibly relevant for us. Therefore, we start with a famous researcher of whom we know that he is very active in a research area in which we are highly interested in. We hope that this researcher cited at least some journals that are relevant for our research purpose. The information need can be formulated by:
The expression ∃Cite − .∃Author.{"Ian Horrocks"} refers to all publications cited by "Ian Horrocks". The expression ∃Publishedin − .() refers to the publication media in which the cited publications were published. The intersection of Journal and ∃Publishedin − .() refers to journals in which the cited publications were published.
Next, we are looking for possibly relevant conferences that address the topics "elearning" and "Semantic Web". We have two goals in mind. First, we are looking for conferences where possibly relevant publications were published, and, second, we are looking for interesting conferences to submit our research paper. We are looking for conferences that have publications with the keywords "elearning" and "Semantic Web". This can be expressed as follows:
Conference ∃hasPublicationmedium. ∃Publishedin − .(∃Keywords.{"elearning"} ∃Keywords.{"Semantic Web"}) .
( 8) The expression ∃Keywords.{"elearning"} ∃Keywords. {"Semantic Web"} refers to publications that contain the keywords "elearning" and "Semantic Web", while ∃Publishedin − .() refers to the publication media, and ∃hasPublicationmedium.() refers to the corresponding events (e.g., conferences).
Subject searches
In this subsection, we give some examples how the strategy subject search can be supported. We also use user-defined quality measures as filters and conditional preferences to group query results. The quality measures are related to citation characteristics.
We are looking for publications that are cited at least five times and contain at most 40 references. Five citations for many publications is a relative high hurdle. In general, citations are a kind of quality statement, also there may exist a lot of different motivations to cite a paper. We want to restrict our search to publications that contain at most 40 references in order to exclude monographs. This information need can be expressed by:
The expression in_text("knowledge representation") refers to publications that contain the phrase "knowledge representation" in their full text. The expression 5 Cite − refers to publications that were cited at least five times. The expression 40 Cite refers to publications that have at most 40 references. If we get too many or too few query results, then we can adjust the parameters (number of citations and number of references). Next, we want to formulate a more complex quality measure. We are looking for publications with the string "Semantic Web" in the title that contain at least four references that were cited at least ten times. We assume that publications that meet this condition are based on a thorough literature review. Of course, this may not be the case. It is not the aim of this paper to formulate quality measures that are generally valid. But we think that it is important for the user to have the possibility to define and experiment with quality measures that are adequate for her personal search situation. The information need can be expressed by:
The expression ≥ 10 Cite − refers to publications that were cited at least ten times, and ≥ 4 Cite.(≥ 10 Cite − ) refers to publications that cite at least four publications cited at least ten times.
The following query illustrates the use of strength in simple conditional preferences. We are looking for publications with the keyword "Semantic Web". Furthermore, the publications should also contain the keywords "OWL" and "DAML+OIL". The clustering of the query result is influenced by the strength of the conditional preferences. The information need can be expressed by the following query (which is illustrated in Figure 5 ):
(11)
Figure 5 Clustering of query results
Publications that contain all the keywords have the value 0. Publications with the keywords "Semantic Web" and "OWL" that do not contain the keyword "DAML+OIL" have the value 20, because they do not satisfy the conditional preference (∃Keywords."DAML +OIL") [20] . Publications with the keywords "Semantic Web" and "DAML+OIL" that do not contain the keyword "OWL" have the value 70. Publications with the keyword "Semantic Web", but without the keywords "DAML+OIL" and "OWL" have the value 70 + 20 = 90, because they falsify both conditional preferences.
The following example expresses two quality measures within conditional preferences. For non-journal publications, we specify a stronger quality measure than for journal publications. We are looking for publications with the keyword "matching". We prefer journal publications that cite at least four publications that are cited at least seven times to non-journal publications that cite at least five journal publications that are cited at least eight times. This can be expressed as follows:
Query 12 has three conditional preferences. An object that fulfills the query has to contain the keyword "matching" and should possibly satisfy the conditional preferences. A publication cannot be a journal publication and a non-journal publication at the same time. Therefore, at most two of the conditional preferences can be falsified at the same time. The query separates the result into three clusters. First, journal publications that cite at least four publications that are cited at least seven times (0), second, non-journal publications that cite at least five journal publications that are cited at least eight times (10), and, third, publications that falsify the first or the second conditional preference (50). This last cluster contains journal publications (50) as well as non-journal publications (40 + 10).
Author searching
Knowledge about well-known authors who are working in a research area that is of relevance of one's own research activity can be effectively used for search queries.
Well-known researchers tend to work together with other well-known researchers, and quite often they are co-authors. Therefore, if publications of a researcher A are highly relevant for one's own research activity than it could be well worth looking for publications of co-authors of researcher A. We are looking for publications of authors that have at least one publication together with "Tim Berners-Lee". This can be expressed by:
∃Author.∃Coauthor.{"Tim Berners-Lee"} .
The expression ∃Coauthor.{"Tim Berners-Lee"} refers to authors that have at least one publication together with "Tim Berners-Lee", and ∃Author.() refers to the publications of the co-authors. We are next looking for authors that have published research papers containing the word "Semantic Web" in the title. The aim of this information need is to identify possibly relevant authors for further search processes. This information need can be expressed as follows:
The expression in_title("Semantic Web") refers to publications with "Semantic Web" in the title. To this publication set, we apply the expression ∃Author − .() to derive the corresponding authors.
One possibility to judge how well-known a researcher A is, is to find out how often and from which researchers the researcher A is cited. This information can also be used to identify further possibly relevant researchers. We are looking for authors that cite publications of "Ian Horrocks". ∃Author − .∃Cite.∃Author.{"Ian Horrocks"} .
First, the query derives the publications of "Ian Horrocks" (∃Author.{"Ian Horrocks"}). In the next step, the publications that are citing publications of "Ian Horrocks" are computed. In the last step, the corresponding authors are derived.
Discussion of the queries
The above search queries show that, in our descriptionlogic-based query language with conditional preferences, the explicit use of search strategies, knowledge about citation indexes, and bibliometric methods is possible and offers a lot of advantages.
To measure the quality of information retrieval systems, typically, the two measures precision and recall are used, which are defined as follows. Let Q be a query, let R be the set of relevant documents to the query Q, let A be the set of documents that a retrieval system returns for Q, and let R a = R ∩ A be the set of relevant documents to Q within A. Then, the notions of precision and recall are defined as |R a | / |A| and |R a | / |R|, respectively (Baeza-Yates and Ribeiro-Neto, 1999) .
For web-based search engines, it is not enough to look at these two measures, because for web users, the response time and the number of relevant results at the first result page (the first 10-20 hyperlinks) are especially important (Kobayashi and Takeda, 2000) . This means one has also to look at the precision of the query results that are listed on the first result page. This is the reason why the effectiveness of a ranking algorithm is that important for web-based search engines, and why clustering mechanism are helpful for web users. User-defined ranking mechanisms and clustering make the ranking more transparent to the user and increase the likelihood that the user actually recognises the most important query results. Research results of Käki (2005) show that users significantly benefit from the categorisation (clustering) of query results.
Queries 3, 4, 5, 7, 13, and 15 are examples where the information need can be specified very precisely, resulting in very precise query results. For these queries, precision and recall are very high, unless there are misspellings in the data of the database, or the strings do not identify the author or the paper title unambiguously. The first leads to a lower recall, but does not reduce the precision, while the latter reduces the precision, but does not reduce the recall. Note that these problems can be avoided if papers are identified by URIs, instead of strings. Queries 8 and 14 contain elements that are based on pure string comparisons. Although these elements are restricted to titles and keywords, they cannot correctly express the information need. This is a known problem for conventional search engines. Queries 11 and 12 contain conditional preferences. The purpose of the conditional preferences is to influence the clustering of the query results. Although there is no effect on precision and recall, the clustering is very important from a web-user perspective. Observe that Queries 9, 10, and 12 include a user-defined quality measure. Notice also that Queries 7, 8, and 14 have the result types journal, conference, and author, respectively.
The described query mechanism clearly empowers the user to precisely describe her information need for certain kinds of queries, resulting in a very precise result set and a very high precision and recall for the query result. Nonetheless, the mechanism also allows the formulation of queries that correspond to conventional queries that can be formulated with conventional Boolean-oriented search query languages.
Dialogue-oriented queries
In this section, we show how users can formulate search queries, like the ones presented in Section 5, in a dialogue-oriented way and without need to understand description-logic statements.
Usually, most users do not want to formulate queries in a formal manner as presented in the previous section. Therefore, it is important to offer alternative possibilities to express query needs. In this case, the formal query language is still of value, because it can be used as a kind of a theoretical layer beneath a more user-oriented layer. In addition, it should be possible for expert users to formulate complete queries or partial queries in a formal way. In this section, we show how queries, like the ones presented in Section 5, can be expressed informally in a dialogue-oriented way. It is not possible to formulate all kinds of queries in this informal manner. Nevertheless, we show that a lot of important and relatively complex information needs can be expressed informally. Figure 6 shows the flow chart for a dialogue-oriented query formulation method. To illustrate the flow chart, we are describing one possible query scenario. A user knows two well-known researchers in the research area that she is interested in. First, the user has to provide the start type of her query. In our scenario, the start type is author. Next, the user has to fill in a form for the start type author, i.e., the user has to provide one or more author names. Now, the user is asked what she is looking for (query type) based on the information that she has provided before. For the start type author, the user can select co-authors of the author set, authors that cite authors of the author set, authors that were cited by authors of the author set, journals that were cited by authors of the author set, conferences that were cited by authors of the author set, publication media in which authors of the author set published, or publications that were published by authors of the author set. Figure 7 shows the corresponding form. In our scenario, the user selects "publications that were published by authors of the author set". The query type determines the result type (see Table 2 ). If a user wants to define filters or cluster conditions, she gets an additional result-type specific form. After executing the query, the query results are presented. Here, the result type is "publication". The query result now can be used as a starting point for a further query. In our scenario, the query result could be used to find publications that cite publications of the result set of the first query, i.e., publications that cite publications of the provided author list. The user dialogue is designed in a way that the description logic expressions of Section 5 can be directly derived from the search engine. Table 2 gives some In which publication media were the publications published? Publication media examples of query types and corresponding result types for several start types. Regarding the queries in Section 5, only the queries 10 and 12 are slightly problematic, because these contain quite complex user-defined quality measures. It is possible to design the user dialogue in a way that even the queries 10 and 12 can be expressed in a user dialogue, but this may result in too complex forms. Users that have such complex information needs should be better encouraged to formulate at least partial queries using the formal language of Section 5. In contrast, simple clustering conditions and simple filter conditions can be easily formulated in a dialogue-oriented way.
The described dialogue-oriented method demonstrates how complex and precise information needs can be formulated by non-experts in a dialogue-oriented manner using findings of citation research, literature search strategies, and the research field of bibliometrics. The query formulation paradigm used here differs significantly from the traditional paradigm of string-based Boolean queries.
Extensions
The presented ranking and clustering on publications is based on a collection of user-defined variable-strength conditional preferences. An orthogonal way of ranking objects is based on the analysis of the link structure between the objects, which somehow reflects the relative importance of the objects. For example, web pages generally contain links to other web pages, and pieces of literature generally cite other pieces of literature. An interesting extension of the presented query formalism is thus to combine the user-defined preference ranking on objects with an importance ranking on objects. A first effort in this direction is the work (Lukasiewicz and Schellhase, 2006a) .
More concretely, the PageRank technique, which stands behind the web search engine Google (Brin and Page, 1998) , is one of the most prominent ways of ranking objects based on the link structure between the objects. The PageRank of a web page u is defined as Informally, the more web pages with high rank point to a web page, the higher is the rank of this web page. The PageRank ranking thus extracts the importance of a web page from the link structure between the web pages.
In Lukasiewicz and Schellhase (2006a) , we propose to combine the user-defined preference ranking of objects based on variable-strength conditional preferences with the importance ranking specified by PageRank. This allows for influencing the PageRank ranking by user-defined conditional preferences (e.g., for a better web search or for personalisation purposes), and to refine the ranking of objects based on user-defined conditional preferences by PageRank's importance ranking.
Furthermore, in Lukasiewicz and Schellhase (2006a) , we propose to use probabilistic ontologies (Koller et al., 1997; Giugno and Lukasiewicz, 2002; da Costa and Laskey, 2006; Lukasiewicz, 2008) to compute the ranking of incompletely specified objects (which abound on the web). They allow to specify terminological probabilistic knowledge between concepts, which can be used to compute the expected concept memberships of objects.
Example 7.1 (Literature Search cont'd):
Consider again the following query Q of Example 4.1: We are looking for publications with the word "matching" in the title. In case of a conference paper, we prefer papers of international conferences: Q = Publication in_title("matching") (type("international")|ConferencePublication) [70] (ConferencePublication) [80] .
There are now two ways of combining the ranking of these user-defined preferences with the importance ranking of PageRank. The first one is dominated by the preference ranking and simply uses the PageRank ranking to order the publications of the same preference rank according to their importance, while the second one is dominated by the PageRank ranking, and it uses the preference ranking as input E(u) to the PageRank computation.
Furthermore, in order to rank incomplete objects, we can then additionally exploit the information encoded in probabilistic ontologies (Koller et al., 1997; Giugno and Lukasiewicz, 2002; da Costa and Laskey, 2006; Lukasiewicz, 2008) . For example, suppose that "every publication is a conference publication with probability 0.9". Thus, if we know that an object o is a publication, then we can conclude that it is a conference publication with probability 0.9, which can then be exploited to compute the (expected) rank of the object o.
Conclusion
We have proposed a novel query formalism for literature search, which is based on description logics and variablestrength conditional preferences. Query languages of current search engines are very restricted in their expressive power. There are scientific search engines on the web, however, that have valuable metadata about research publications, authors, organisations, and scientific events. We have shown that description logics with conditional preference allow for a more powerful query language, which can exploit this metadata better than the current approaches do. In particular, we have given some sample queries that
• explicitly follow different search strategies
• express quality measures
• cluster query results, or
• restrict queries to different result types.
We have especially shown that our approach allows for expressing nearly all important search strategies proposed by Bates. We have also described a dialogue-oriented interface for the new query formalism, and we have discussed possible extensions of the new approach.
The underlying theoretical foundation (description logic paradigm with conditional preferences) is domainindependent and can therefore be adapted to other areas where the formulation of search queries is of interest or where matchmaking algorithms are used. Concerning the formulation of search queries, the value of the new description logic paradigm with conditional preferences is especially high when it can be combined with an easy-to-use ontology and special search strategies. This is the case for homogeneous documents like, e.g., research publications, patents, contracts, and product descriptions (Lukasiewicz and Schellhase, 2006b, 2007) . Another interesting application may be search in social networks. Depending on the kind of documents, an adequate ontology has to be defined, and effective search strategies have to be identified.
The described approach can be implemented on any search engine that has appropriate metadata information about scientific publications (e.g., CiteSeer, Google Scholar, BibSonomy, DBLP, and CiteULike). The ranking algorithm described in the paper can then be combined with the existing ranking algorithm of the search engine, as described in Section 7.
An interesting topic of future research is to further explore the extension of the presented query formalism by PageRank's importance ranking on publications and by probabilistic ontologies (Koller et al., 1997; Giugno and Lukasiewicz, 2002; da Costa and Laskey, 2006; Lukasiewicz, 2008) , as sketched in Section 7. Another issue for future research is to make the description logic part of the query formalism more expressive (e.g., towards conjunctive queries (Calvanese et al., 2006) ). Furthermore, it would be interesting to explore whether the presented approach can be equipped with a top-k ranking technique, which computes only k top-ranked objects along with their ranks, rather than a complete ranking on all objects.
